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Abstract 10 
Kinoite Ca2Cu2Si3O10(OH)4 is a mineral named after a Jesuit missionary. Raman and infrared 11 
spectroscopy have been used to characterise the structure of the mineral.  The Raman 12 
spectrum is characterised by an intense sharp band at 847 cm-1 assigned to the ν1 (A1g) 13 
symmetric stretching vibration.  Intense sharp bands at 951, 994 and 1000 cm-1 are assigned 14 
to the ν3 (Eu, A2u, B1g) SiO4 antisymmetric stretching vibrations.  Multiple ν2 SiO4 vibrational 15 
modes indicate strong distortion of the SiO4 tetrahedra. Multiple CaO and CuO stretching 16 
bands are observed. Raman spectroscopy confirmed by infrared spectroscopy clearly shows 17 
that hydroxyl units are involved in the kinoite structure.  Based upon the infrared spectra, it is 18 
proposed that water is also involved in the kinoite structure.  Based upon vibrational 19 
spectroscopy, the formula of kinoite is defined as Ca2Cu2Si3O10(OH)4·xH2O.  20 
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Introduction 29 
The mineral kinoite [1] was named after the Italian Jesuit missionary Eusebio Francisco 30 
Kino (1645-1711) who explored south western United States.  The mineral kinoite 31 
Ca2Cu2Si3O10(OH)4 is known from several locations: in vugs and veinlets in skarn from 32 
the northern Santa Rita Mountains, Pima County, Arizona [1]; Christmas Mine, Banner 33 
District, Gila County, Arizona USA; found in a dump at the Fuka mine, Okayama 34 
Prefecture, Japan [2]; in amygdules in basaltic lava flows at the Laurium Mine, Calumet, 35 
Michigan, USA [3, 4]. Kinoite crystals as single tabular or platy blue crystals to about 36 
0.3mm and as fan-like sprays [5]. The crystals exhibit striations, a key to distinguishing 37 
kinoite from stringhamite. The formula is open to debate. Anthony writes the formula as 38 
Ca2Cu2Si3O10(OH)4 [6]. In other references, for example in the RRUFF data base, it is 39 
written as Ca2Cu2Si3O10·2H2O.  The same formula was used by Ruotsala and Wilson [3] 40 
and also by Laughon [7]. The question arises as to which is the correct formula. 41 
 42 
It is a hydrated silicate of calcium and copper. It is one of several copper silicates [8].  43 
There are a significant number of silicate minerals which have copper as one of the main 44 
cations. These include kinoite Ca2Cu2Si3O10(OH)4, chrysocolla 45 
(Cu,Al)2H2Si2O5(OH)4·nH2O, dioptase CuSiO3·H2O, planchéite Cu8Si8O22(OH)4·H2O, 46 
shattuckite Cu5(SiO3)4(OH)2,whelanite Ca5Cu2(OH)2CO3,Si6O17·4H2O, ajoite 47 
(K,Na)Cu7AlSi9O24(OH)6·3H2O, apachite Cu9Si10O29·11H2O, papagoite 48 
CaCuAlSi2O6(OH)3. Apart from chrysocolla which appears as an amorphous non-49 
diffracting mineral, all of these copper silicate minerals are highly crystalline. All of the 50 
minerals contain either hydroxy units or water units or both. These water and OH units 51 
are important for the stability of the minerals. All these minerals are of various shades of 52 
blue.  There is apparently some confusion about the colour of kinoite. Anthony et al. [6] 53 
(page 419) states that kinoite is a deep azurite blue.  Some references [2, 4, 5] decribe the 54 
colour of kinoite as light blue.  The colour is a unique light blue for crusts and a deep 55 
blue in microcrystals. A computer program has been used to determine the position and 56 
hydrogen bond positions in the structure for the mineral kinoite [9]. Kinoite is 57 
monoclinic with point group 2/m.  The cell data is Space Group: P21/m with a = 58 
6.991(2), b = 12.884(3), c = 5.655(2), β= 96±11(2), Z = 2 [5, 10].   59 
 60 
 61 
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Raman spectroscopy has proven very useful for the study of minerals.  Indeed Raman 62 
spectroscopy has proven most useful for the study of diagenetically related minerals as often 63 
occurs with minerals containing copper and silicate groups.  This paper is a part of systematic 64 
studies of vibrational spectra of minerals of secondary origin in the oxide supergene zone. 65 
The objective of this research is to report the Raman spectra of kinoite and to relate the 66 
spectrum to the molecular structure of the mineral.  67 
 68 
Experimental 69 
Mineral 70 
The mineral kinoite Ca2Cu2Si3O10(OH)4 was supplied by the Mineralogical Research 71 
Company.  The mineral originated from the Christmas Mine, Gila County, Arizona, 72 
USA.  The mineral sample is defined as a ‘type’ mineral and is used as a reference for 73 
this type of mineral and its structure. Details of the mineral have been published (page 74 
419) [6].   75 
 76 
Raman spectroscopy 77 
 78 
Crystals of kinoite were placed on a polished metal surface on the stage of an Olympus 79 
BHSM microscope, which is equipped with 10x, 20x, and 50x objectives. The microscope is 80 
part of a Renishaw 1000 Raman microscope system, which also includes a monochromator, a 81 
filter system and a CCD detector (1024 pixels). The Raman spectra were excited by a 82 
Spectra-Physics model 127 He-Ne laser producing highly polarised light at 633 nm and 83 
collected at a nominal resolution of 2 cm-1 and a precision of ± 1 cm-1 in the range between 84 
100 and 4000 cm-1. Repeated acquisitions on the crystals using the highest magnification 85 
(50x) were accumulated to improve the signal to noise ratio of the spectra. Spectra were 86 
calibrated using the 520.5 cm-1 line of a silicon wafer.   87 
A spectrum of kinoite is provided on the RRUFF data base. The spectrum has been 88 
downloaded and is shown in the supplementary information (Figures S1 to S4).  89 
 90 
Infrared spectroscopy 91 
 92 
Infrared spectra were obtained using a Nicolet Nexus 870 FTIR spectrometer with a smart 93 
endurance single bounce diamond ATR cell. Spectra over the 4000525 cm-1 range were 94 
4 
 
obtained by the co-addition of 128 scans with a resolution of 4 cm-1 and a mirror velocity of 95 
0.6329 cm/s. Spectra were co-added to improve the signal to noise ratio.  The infrared spectra 96 
are given in the supplementary information.   97 
 98 
Spectral manipulation such as baseline correction/adjustment and smoothing were performed 99 
using the Spectracalc software package GRAMS (Galactic Industries Corporation, NH, 100 
USA). Band component analysis was undertaken using the Jandel ‘Peakfit’ software package 101 
that enabled the type of fitting function to be selected and allows specific parameters to be 102 
fixed or varied accordingly. Band fitting was done using a Lorentzian-Gaussian cross-product 103 
function with the minimum number of component bands used for the fitting process. The 104 
Gaussian-Lorentzian ratio was maintained at values greater than 0.7 and fitting was 105 
undertaken until reproducible results were obtained with squared correlations of r2 greater 106 
than 0.995.  107 
 108 
Results and Discussion 109 
 110 
The Raman spectrum in the 800 to 1400 cm-1 region is shown in Figure 1a.  The spectrum 111 
consists of a series of sharp bands, most of which are the stretching modes of SiO4 units.   112 
Raman bands are observed 847, 951, 994, 1052 and 1186 cm-1.  The intense sharp Raman 113 
band at 847 cm-1 is assigned to the ν1 (A1g) symmetric stretching vibration. In the spectrum 114 
downloaded from the RRUFF data base (Figures S1 and S2) this band is observed at 849 cm-1 115 
with a second band at 869 cm-1.  Vedanand et al. observed a band at 800 cm-1 for the mineral 116 
stringhamite and defined this band to be the ν1 SiO4 vibration. This assignment appears to be 117 
in harmony with this work. According to Farmer [11], this band for zircon is observed at 974 118 
cm-1. As pointed out by Vedanand et al. [12], the distorted Cu2+ ion effects the symmetry of 119 
the SiO4 units. This results in a shift in band position to higher wavenumbers.  The EPR 120 
results of Vedanand et al. for stringhamite prove that the Cu2+ ion is in a square planar 121 
environment and the bonding between the Cu2+ ion and the oxygen ligands in the square 122 
planar coordination is very strong. 123 
 124 
The quite intense bands at 951, 994 and 1000 cm-1 are assigned to the ν3 (Eu, A2u, B1g) SiO4 125 
antisymmetric stretching vibrations.  These bands are observed in the RRUFF kinoite 126 
spectrum at 953, 996 and 1003 cm-1 (see supplementary information Figure S2).   The 127 
splitting of the ν3 vibrational mode offers support to the concept that the SiO4 tetrahedrons in 128 
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kinoite are strongly distorted.  The infrared spectrum in the 500 to 1300 cm-1 region is 129 
displayed in Figure 1b.  The infrared spectrum consists of as series of overlapping bands.  130 
Infrared bands are identified at 921, 960, 996 and 1027 cm-1.  These bands are attributed to 131 
the ν3 SiO4 antisymmetric stretching vibrations.  There are a series of overlapping bands at 132 
799, 835 and 880 cm-1.  These bands may be associated with the SiO4 symmetric stretching 133 
mode.  It is thought that the two Raman bands at 1052 and 1186 cm-1 together with the 134 
infrared bands at 1091, 1123 and 1162 cm-1 are associated with hydroxyl deformation modes 135 
(see later).   136 
 137 
This concept of reduction in symmetry of the SiO4 units is further supported by the 138 
observation of multiple ν4 bands at around 600 cm1 (Figure 3a).  For a perfectly symmetric 139 
SiO4 tetrahedron, only a single band at 608 cm-1 (A2u) should be observed. A sharp band is 140 
observed at 642 cm-1 and is assigned to the SiO4 ν4 bending mode.  Additional bands are 141 
observed at 742 and 765 cm-1 and may also be assigned to this vibrational mode.  Infrared 142 
bands of kinoite (Figure 1b) are found at 670, 688, 743, 764 and 799 cm-1.  Other bending 143 
modes occur below 500 cm-1 which is below the lower limit of the ATR technique.  144 
Vedanand et al. reported the ν2 and ν4 modes for stringhamite at 510 and 660 cm-1.   145 
 146 
The strong Raman bands at 400, 422, 456, 486 and 531 cm-1 are assigned to the ν2 SiO4 147 
vibrational modes.  According to Farmer [11], the ν2 in-plane bend for a perfect SiO4 148 
tetrahedron should be found at 439 cm-1. Vedanand et al. observed an infrared band at 510 149 
cm-1 for stringhamite and assigned the band to the ν2 vibrational mode.  The splitting of the ν2 150 
vibrational mode strongly supports the concept of a strongly distorted SiO4 tetrahedron. 151 
Raman bands are observed at 422, 427, 454, 488, 500 and 534 cm-1 in the RRUFF spectrum. 152 
These bands are assigned to the band to the ν4 SiO4 vibrational modes. 153 
Other bands were found at 637, 644, 754 and 769 cm-1 in the RRUFF spectrum.  These bands 154 
are assigned the band to the ν2 SiO4 vibrational modes.  A series of Raman bands (Figure 2a) 155 
are observed at 301, 309, 324 and 339 cm-1.  In the RRUFF spectrum (see supplementary 156 
information Figure S3) Raman bands are observed at 303, 311, 326, 342, 357 and 375 cm-1. 157 
These bands are assigned to metal-oxygen stretching vibrations.  The observation of multiple 158 
CaO and CuO stretching bands implies that all of the Ca and Cu atoms are in different 159 
structural arrangements and are non-equivalent.  The Raman spectrum in the far low 160 
wavenumber region is reported in Figure 3b.  Intense bands are observed at 138 and 153 cm-1.  161 
Other bands are observed at 110, 194, 225, 251, 266 and 286 cm-1. These bands may be 162 
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described as lattice vibrations. In the RRUFF spectrum of kinoite, intense Raman bands are 163 
observed at 228, 236, 255, 268 and 288 cm-1. Raman bands of lesser intensity are found at 164 
185, 192 and 196 cm-1.   165 
 166 
 167 
The Raman spectrum of the OH stretching region is displayed in Figure 3a.  A sharp Raman 168 
band is observed at 3519 cm-1 and another one, less intense, at 3572 cm-1. 169 
This band is assigned to the stretching vibration of OH units.  Other low intensity Raman 170 
bands are observed at 3022, 3237 and 3441 cm-1.  These bands are attributed to water 171 
stretching vibrations. The infrared spectrum of kinoite in the 2800 to 3800 cm-1 region is 172 
reported in Figure 3b. Intense sharp infrared bands are observed at 3529 and 3557 cm-1 and 173 
are assigned to the stretching vibration of the OH units. The observation of two bands in the 174 
infrared and Raman spectra supports the concept that the OH units are not all equivalent.  A 175 
broad spectral profile is observed centered upon centered at about 2900 cm-1 and may be 176 
deconvoluted into component bands at 2883, 2997 and 3093 cm-1.  These infrared bands are 177 
assigned to water stretching vibrations. The IR band at 3443 cm-1, together with the Raman 178 
one at 3443 cm-1, can be attributed to bonded water. 179 
 180 
These analyses of the Raman and infrared spectra of kinoite provide some evidence for the 181 
correct formula of kinoite. The formula has been written as Ca2Cu2Si3O10(OH)4 and also as 182 
Ca2Cu2Si3O10·2H2O.  Both Raman and infrared spectra show the presence of hydroxyl units. 183 
Thus, the first formula is favoured. Yet, the infrared spectrum shows an intense band at 184 
around 3000 cm-1. The position of the band implies that the water is involved with strong 185 
hydrogen bonding. Thus the second formulation may be favoured.  Perhaps the correct 186 
formulation is Ca2Cu2Si3O10(OH)4·xH2O. The spectra in the RRUFF data base do not include 187 
the hydroxyl stretching region; so no comparison can be made with our spectra and the 188 
RRUFF data base spectrum in the OH stretching region. The position of the water band 189 
shows that water is involved in strong bonding and is simply not adsorbed on the kinoite 190 
surfaces. The water is structural water and is involved in the structure of kinoite.  The Raman 191 
and infrared spectra are in harmony. Water is a very poor Raman scatterer and it is expected 192 
that the intensity of the water bands in the Raman spectrum would be of a low intensity. On 193 
the other hand water bands in the infrared spectrum would show strong intensity.  There 194 
needs to be more studies to determine the exact formula of the mineral. It is probable that 195 
high resolution thermal analysis studies would resolve the issue.  196 
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 197 
The Raman spectrum of kinoite in the 1400 to 1800 cm-1 region is shown in Figure 4a. The 198 
Raman spectrum suffers from a lack of signal. Nevertheless an extremely low intensity band 199 
is found at 1585 cm-1. This band may be assigned to non-hydrogen or very weakly hydrogen 200 
bonded water.  The infrared spectrum of kinoite is reported in Figure 4b. An infrared band is 201 
observed at 1443 cm-1 and is attributed to hydroxyl deformation modes. Three bands are 202 
found at 1589, 1659 and 1686 cm-1. These bands are assigned to water bending modes. The 203 
band at 1589 cm-1 is attributed to non hydrogen bonded water. The two bands at 1659 and 204 
1686 cm-1 are attributed to very strongly hydrogen bonded water. The position of these bands 205 
is in harmony with the infrared bands in the water stretching region.  206 
Conclusions  207 
The formula of the mineral kinoite is written Ca2Cu2Si3O10(OH)4 [6] and also 208 
Ca2Cu2Si3O10·2H2O.  Raman spectroscopy and confirmed by infrared spectroscopy clearly 209 
shows that hydroxyl units are involved in the kinoite structure.  Based upon the infrared 210 
spectra, it is proposed that water is also involved in the kinoite structure.  Thus the formula is 211 
more likely to be Ca2Cu2Si3O10(OH)4·xH2O.  212 
 213 
Vibrational spectroscopy has been used to characterise the molecular structure of the mineral 214 
kinoite.  From an X-ray crystallographic point of view, the structure is known but ill-defined. 215 
Certainly the position of the protons is unknown.  The vibrational spectra of the mineral are 216 
complex. Multiple silicate vibrations are observed and suggest that the silicate units in the 217 
kinoite structure are non-equivalent. Multiple hydroxyl and water bands are observed.  218 
 219 
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